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Abstract. Post-diapausing gemmules of the freshwater

sponge Eunapius fragilis were found to contain sorbitol

and glycogen as their primary carbohydrates. The sorbi-

tol probably acts to increase the tolerance of the gem-
mules to freezing and desiccation. During germination,

average sorbitol levels measured as micromoles of sor-

bitol per gram of fresh weight of gemmule tissue (^mol/

gfw) declined from a control value of 36 ^mol/gfw to

about 4 ^mol/gfw. Concomitantly, average glycogen lev-

els increased from a control value of 29 jumol/gfw to a

steady-state level of 62 ^mol/gfw. It is probable that gly-

cogen is being synthesized at the expense of sorbitol. The

breakdown of sorbitol was associated with an increase in

the activity of sorbitol dehydrogenase from undetectable

levels in dormant gemmules to a maximum of 0.2 /umol/

min-mg protein after 30 h of exposure to 20C. Aldose

reductase activity remained constant throughout germi-

nation. These data support the hypothesis that the de-

crease in sorbitol levels is the result of an increase in the

rate of catabolism by sorbitol dehydrogenase. The total

activity of glycogen synthase did not change during ger-

mination; however, the activity of glucose-6-phosphate-

dependent glycogen synthase was about 1 8 times greater

than the activity of glucose-6-phosphate-independent

glycogen synthase. Total glycogen phosphorylase activ-

ity increased from about 1.6 nmol/min-mg protein to

3.6 nmol/min-mg protein during germination. At the

same time, however, the percentage of glycogen phos-

phorylase a decreased from almost 100% to about 84%.
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This decrease would attenuate the apparent increase in

activity. cAMPlevels remained constant throughout ger-

mination. The observed changes in the level of glycogen

in the gemmules are not simply due to changes in the

activity of either glycogen phosphorylase or glycogen

synthase.

Introduction

The life cycle of many freshwater sponges includes the

formation of structures called gemmules. These consist

of a mass of undifferentiated cells enclosed by a collage-

nous capsule. Gemmules are resistant to many environ-

mental perturbations and are often produced as the

sponge enters a period of environmental stress. For ex-

ample, in southern New England the freshwater sponge

Eunapius fragilis over-winters in the form of gemmules.
After the sponge produces gemmules in the early fall, the

adult tissue dies, leaving the gemmules attached to the

substratum. In spring, the gemmules germinate to form

the adult sponge again (Fell, 1987). In contrast, in tem-

porary swamps in the southeastern United States the

same species produces gemmules as the swamp dries in

the summer. In this case the gemmules are exposed to

hot, dry conditions and germinate when the swamps
form again (Poirrier, 1969).

The physiological state of the gemmules from Euna-

pius changes with time and can be divided into three dis-

tinct stages: ( 1 ) diapause, (2) quiescence, and (3) germi-

nation (Fell, 1987). As gemmules are formed by Euna-

pius fragilis, they are initially in diapause, a state of

dormancy controlled by some as yet unknown endoge-
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nous factor or factors. In this state, the gemmules will

not germinate even if exposed to favorable conditions.

For example, gemmules that are collected in New En-

gland just after formation will not germinate when they

are warmed to 20C, even if kept at that temperature for

up to 4 months. Quiescence occurs in gemmules col-

lected at least 3 to 4 months after formation. In this case,

the metabolism and development of gemmules is simply

being depressed by low temperature, and they will

readily germinate when warmed to 20C. Similarly, in

the laboratory, diapause can be broken by exposing the

gemmules to cold (5C) for 4 to 5 months or by exposing

them to 5C for 4 to 6 weeks followed by desiccation for

7 days (Fell, 1987). The breaking of diapause represents

a basic shift from endogenous control of dormancy to

environmental control of quiescence.

Germination of gemmules represents the period of de-

velopment leading from post-diapause quiescence to the

differentiated adult sponge. In Eunapius. emergence of

the adult sponge tissue from the gemmule occurs 42 to

50 h after exposure to 20C. Very little is known of the

biochemical changes that occur during germination. Al-

most all of the information about these changes is based

on nonquantitative histochemical methods and is lim-

ited to compounds easily stained in thin section (Simp-

son, 1984). The purpose of this paper, therefore, is to

identify the major carbohydrates present in the post-dia-

pausing gemmules of Eunapius fragilis and to examine

changes in the levels of these compounds during germi-

nation.

Materials and Methods

Gemnuik's

Gemmules used for the measurement of possible en-

ergy sources during germination were collected from

Gallop Pond in North Stonington, Connecticut, in late

October of 1991 . Gemmules used in the enzyme studies

were collected from Stony Brook in South Hadley, Mas-

sachusetts, during early February of 1992. All gemmules
were kept at 5C until June to ensure that diapause was

broken.

Germination experiments

Samples of gemmules ranging in size from 100 to

300 mg wet weight were placed in individual test tubes

containing 10 ml of filtered stream water at 5C. At the

initiation of the experiment, the cold stream water was

decanted from all of the gemmule samples and was re-

placed by filtered stream water at 20C. All samples were

well aerated and maintained at 20-23C. Periodically,

the stream water was decanted from three of the gem-

mule samples, which were then homogenized according

to the protocol for the particular experiment (as outlined

below).

Extraction of carbohydrates

Glycogen. Glycogen was extracted from the gemmules
with cold 80% ethanol. Gemmules (300 mg) were

ground under liquid nitrogen in a mortar and pestle. The

powder was transferred to 50-ml centrifuge tubes and the

liquid nitrogen was allowed to evaporate. Five milliliters

of 80% ethanol was added to the centrifuge tubes con-

taining the powdered gemmules and was mixed thor-

oughly on a vortex mixer. The ethanol solution was

placed at 4C overnight to allow all of the glycogen to

precipitate and was then centrifuged at 10,000 X g for

20 min. The supernatant was retained for ethanol-solu-

ble carbohydrate measurement and the pellet was

washed twice more with 2 ml of cold 80% ethanol. The

washings were combined with the original supernatant.

The final pellet was dissolved in 5 ml of 30% KOHand

heated to 1 00C in a boiling water bath. After the sample

was cooled to room temperature, 7.5 ml of 80%. ethanol

was added, and the glycogen was precipitated at 4C
overnight. Glycogen was collected by centrifuging the

sample at 10,000 X g for 20 min and the resulting pellet

was washed twice more with cold 80% ethanol. The pel-

let was dried under nitrogen, then dissolved in 5 ml dis-

tilled water; the amount of glycogen in the solution was

measured using the anthrone method of Umbreit el at.

(1972). The amount of glycogen measured using this

method was not significantly different from that mea-

sured by the amyloglucosidase-based assay.

Identification of ethanol-soluble carbohydrates

High-performance liquid chromatography (HPLC).
The combined supernatant from the ethanol extraction

was dried under nitrogen, redissolved in either H: O (for

HPLC) or D: O (for NMR)and filtered through a 0.45-

nm filter prior to further analysis. Initial identification of

carbohydrates in these samples was determined by

HPLCusing a Waters Radial-Pak silica cartridge modi-

fied with tetraethylenepentamine according to the meth-

ods of Hendrix el ill. (1981). Carbohydrates were de-

tected using an LDC/Milton Roy RefractoMonitor III.

Nuclear magnetic resonance (NMR). The ethanol-sol-

uble carbohydrates were further characterized by 'H-

and "C-NMR on a Bruker AC250 NMR. 'H- and "C-

NMRspectra were measured at 250.1 and 62.9 MHz
and chemical shift values are reported relative to the in-

ternal standard, sodium, 2,2-dimethyl-2-silapentane-5-

sulfonate(DSS).

Sorbitol. Sorbitol in the ethanol-soluble fraction was
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measured enzymatically using the method of Bergmeyer
et al. ( 1 974). The incubation solution contained 1 unit of

sorbitoi dehydrogenase and 1 .2 mA/ NADHin 200 mM
sodium phosphate buffer, pH 9.5, in a total volume of

2.0 ml. The amount of sorbitoi was measured by incu-

bating aliquots (50^1) of standards and samples in the

incubation medium for 30 min and measuring the

change in absorbance at 340 nm.

Enzyme assays

Sorbitoi dehydrogenase. Sorbitoi dehydrogenase activ-

ity was measured at 25C in extracts of gemmules ac-

cording to a modification of the method of Wolff ( 1 955).

Gemmules (100 mg) were homogenized in a Tenbroek

homogenizer in 300 n\ of grinding buffer (20 mMTris-

HC1, pH 7.32). The homogenate was centrifuged at

10,000 X gfor 10 min and an aliquot (100/ul) of the su-

pernatant was placed in 1.7 ml of assay buffer, resulting

in a final concentration of 300 //A/ NAD in 100mA/
Tris-HCl, pH 9.0. A baseline rate was recorded, and the

assay was then initiated by the addition of 200 ^1 of

1.5 Msorbitoi (150mA/ final concentration). Activity

was followed by measuring the rate of change in the ab-

sorbance at 340 nm.

A/dose reductase. Aldose reductase activity in extracts

of gemmules was measured at 25C using a modification

of the method of Velle(1975). Gemmules were homoge-
nized as described in the methods for sorbitoi dehydro-

genase and an aliquot ( 100 /ul) of the protein solution was

placed in 1.6 ml of an assay buffer, resulting in a final

concentration of 330 M/NADPHin 300 mA/ Tris-HCl,

pH 7.5. A baseline rate was recorded, and the assay was

initiated by the addition of 300 n\ of 1 00 mA/ glyceralde-

hyde (45 mA/). Activity was followed by measuring the

rate of change in the absorbance at 340 nm. Aldose re-

ductase has a broad substrate specificity and will catalyze

the reduction of a number of aldoses (Hayman and Ki-

noshita, 1965). Glyceraldehyde ( which results in the syn-

thesis of glycerol) was used as a substrate in these assays

instead of glucose (which results in the synthesis of sor-

bitoi) to obtain increased sensitivity (Hayman and Ki-

noshita, 1965).

Glycogen synthase. Glycogen synthase activity was

measured at 25C in extracts of gemmules according to a

modification of the methods of Mendicino et al. (1975).

Gemmules (300 mg) were homogenized in 0.9ml of

50 mA/ Tris-HCl, pH 7.5, containing 0.3 A/ sucrose,

20 mA/ 2-mercaptoethanol, and 5 mA/ EDTA. The ho-

mogenate was centrifuged at 10,000 X g for 10 min and

an aliquot (100^1) of the supernatant was added to

0.2 1 ml of an assay buffer, resulting in a final concentra-

tion of 1 1 7 mA/ Tris-HCl, pH 7.5, 29 mA/cysteine, and

lOOmg/ml of glycogen. Glucose-6-phosphate-depen-
dent activity was measured by the addition of glucose-6-

phosphate to the assay solution to a final concentration

of 1 1.8 mA/. The assay was initiated by the addition of

UDP-['
4

C]-glucose to a final concentration of 4.3 mAf

(specific radioactivity of 50,000 cpm/^mole). The assay

was terminated after 30 min by the addition of 1 ml of

10% trichloroacetic acid. The resulting solution was cen-

trifuged at 10,000 X g for 10 min. The supernatant was

removed and added to 4 ml of 95% ethanol (-20C) to

precipitate the glycogen. The glycogen was pelleted by

centrifuging at 10,000 x g for 10 min. The supernatant

was discarded and the glycogen pellet was dissolved in

1 ml distilled water. The glycogen was reprecipitated

twice more by adding 4 ml of 95% ethanol (-20C) to

this solution, followed by centrifugation. The amount of
14C incorporated into the glycogen from UDPGduring
the incubation period was measured in a liquid scintilla-

tion counter.

Glycogen phosphorylase. Glycogen phosphorylase ac-

tivity was measured at 25C in extracts from gemmules
according to a modification of the method of Mendicino

et al. (1975). Gemmules ( 100 mg) were homogenized in

300 n\ of 50 mA/ imidazole buffer (pH 7.0), containing

10 mA/ magnesium chloride, 2 mA/ EDTA, 0.01% bo-

vine serum albumin, and 1%glycogen. The solution was

centrifuged at 1 0,000 X g for 1 min and the supernatant

was retained for the assay. Total activity was measured

in 1 ml of 50 mA/ imidazole, pH 7.0, containing 10 mA/

magnesium chloride, 2 mA/ EDTA, 0.01% bovine serum

albumin, 1.1% glycogen, 70 mA/ potassium phosphate,

300 nMNADP, 10 //A/ glucose- 1,6-diphosphate, 4 mM
AMP, 1 unit phosphoglucomutase, and 1 unit glucose-

6-phosphate dehydrogenase. Whenphosphorylase b was

measured, the AMPwas omitted. The assay was initiated

by the addition of 100 ^1 of the protein solution. Activity

was determined by measuring the rate of change in the

absorbance at 340 nm. Protein concentration in extracts

used for all enzyme assays was determined according to

the methods of Peterson (1977).

cAMPassay. Adenosine 3',5' cyclic monophosphate
(cAMP) in extracts from gemmules of Eunapius fragi/is

was measured using an
I2

^I radioimmunoassay accord-

ing to the methods outlined in the Rianen (Dupont Med-
ical Products) Assay System. Samples were prepared by

homogenizing 30 mg of gemmules in 0.5 ml of cold

(4C) 6% trichloroacetic acid. cAMPrecovery during ex-

traction was determined by adding about 0.1 pmol
(4,000 CPM) of

3 H cAMPto the homogenate as an in-

ternal standard. The extracts were centrifuged at 2500 X

g for 15 min, and the supernatant was extracted four

times with 2.5 ml of water-saturated ether. The aqueous

layers were then dried under a stream of air at 70C. The
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resulting residue was dissolved in 0.5 ml of the radioim-

munoassay assay buffer, and cAMPconcentrations were

measured in 100-/ul aliquots of this solution.

Statistical analysis. Statistical differences among treat-

ments were assessed by analysis of variance. Values are

expressed as means 1 SE.

Results

Ethanol-soluble carbohydrates

HPLCanalysis of the ethanol-soluble fraction showed

a single peak that co-eluted with sorbitol and remained

single when spiked with authentic sorbitol (data not

shown). Because it is difficult to exclude the presence of

other six-carbon polyols solely on the retention times on

the HPLCcolumn, we used 'H- and "C-NMR, which

together can distinguish the isomeric hexitols, to further

analyze the ethanol-soluble fraction. The spectra for

both 'H- and "C-NMR were virtually identical to the

spectra, obtained under identical acquisition conditions,

for authentic sorbitol (Fig. 1). The chemical shifts for

I3 C-NMRare shown in Table I. Further, there were no

additional peaks in the spectra, eliminating the possibil-

ity of other compounds being present. Based on the

HPLCand NMRdata, it is clear that sorbitol comprises

the major ethanol-soluble carbohydrate in post-diapause

gemmules.
Sorbitol levels determined by sorbitol dehydrogenase

and expressed as micromoles per gram of fresh gemmule
tissue (/jmol/gfw) declined rapidly in germinating gem-

3.90 3.80 3.70
I

3.60 76 74.0 72.0 70.0 68.0 66.0 64.0
PPM

Figure 1 . 'H-NMR spectra of authentic sorbitol (A) and the ethanol-soluble fraction ofEunapiusfrag-

ilis gemmules (B) and
' 'C-NMR spectra of authentic sorbitol (C) and the ethanol-soluble fraction of En-

napiusfragilis gemmules (D).
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Table I

I3 C-NMRchemical shifts measured downfieldfrom the internal

standard DSSin D,O of authentic sorbitol and the elhanol soluble

fraction from gemmules oj Eunapius fragilis

Sample 'C chemical shifts

E. fragilis extract

Sorbitol
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weight of gemmule tissue (jumol/gfw) balance one an-

other very closely: sorbitol decreases by 32 ^mol/gfw

(from an average control value of 36 jumol/gfw to an av-

erage steady-state level of 4 janol/gfw), and glycogen in-

creases by 33 ^mol/gfw (from an average control value

of 29 jigfw to an average steady-state value of 62 /umol/

gfw). The synthesis of glycogen from a carbohydrate pre-

cursor is consistent with observations for other develop-

ing invertebrates; for example, during the first few hours

of germination, the osmotic pressure of gemmules of

Spongillu laciistris drops precipitously (Rasmont. 1975).

Rasmont (1975) attributed this reduction in osmotic

pressure to the resynthesis of glycogen from an unidenti-

fied low molecular weight precursor. Also, in insect lar-

vae, the synthesis of glycerol and sorbitol during

exposure to cold occurs at the expense of glycogen, and
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Figure 4. Changes in the activity of sorbitol dehydrogenasc and aldose reductase in gemmules of Eu-

napius I'ragilis during germination. Assay conditions are as outlined in the Materials and Methods section.

Values are expressed as means I SE (/;
=

3).
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during subsequent warming, glycogen levels are subse-

quently restored at the expense of sorbitol (Storey and

Storey, 1983). Clegg (1964) reports that during the pre-

emerger.ce development of Anemia salina cysts, treha-

lose is utilized to synthesize glycogen and glycerol during

development. In this case, the decrease in trehalose can

account for all of the synthesis of glycogen and glycerol

plus the oxygen consumption measured during pre-

emergence (Clegg, 1964). This is not the case for Eunap-
ius fragilis, however. The amount of sorbitol breakdown

can just account for the amount of glycogen synthesized.

Calorimetric measurement of heat dissipation of the

gemmules of Eunapius fragilis shows that the energy
flow of gemmules increases dramatically during germi-

nation (Loomis et al.. 1996). Clearly, another source of

energy must be available during germination. This
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Figure 6. Changes in the activity of glucose-6-phosphate-dependent and glucose-6-phosphate-indepen-

dent glycogen synthase in gemmules of Eunapius fragilis during germination. Assay conditions are as

outlined in the Materials and Methods section. Values are expressed as means I SE (n
=

3).
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source of energy is most probably nutrients contained in

yolk platelets. The thesocytes of gemmules are packed

with yolk platelets, and these platelets begin to shrink

about 24 h after the initiation of germination in Spon-

gilla lacustris (Simpson, 1984).

Using histological techniques, De Vos (1977) has

shown that glycogen is present in the early stages of gem-
mule formation and later disappears. This is consistent

with the lower levels of glycogen measured in post-dia-

pausing gemmules of Eunapius fragilis. It may be that

the glycogen originally present is used to synthesize sor-

bitol during development of gemmules, although this has

yet to be determined.

Sorbitol is a well-known cryoprotectant produced dur-

ing the winter in insects (see Lee, 1989; Baustt'/fl/.. 1985.

for reviews), and it probably imparts increased freezing

and desiccation tolerance to gemmules of Eunapius frag-

ilis. In fact, gemmules of Eunapius fragilis are remark-

ably tolerant to freezing and desiccation (Fell, 1990;

Boutselis et a/., 1990). For example, post-diapausing,

fully hydrated gemmules will germinate following a 30-

day exposure to -72C (Boutselis et a/., 1990), and they

survive air-drying for several weeks (Fell, 1990). In-

creased tolerance to cold and desiccation is no doubt im-

portant for the survival of Eunapius fragilis since this

species is found in environments that can dry in the sum-

mer (such as swamps in the southeastern United States)

and freeze in the winter (such as ponds and streams in

the northeastern United States).

To begin to understand the biochemical mechanisms

controlling the breakdown of sorbitol and the synthesis

of glycogen during germination in Eunapius fragilis

gemmules, we measured the activities of the proximate

enzymes responsible for catabolism and anabolism of

each of these compounds. Of course such analyses do not

rule out modulations in other auxiliary enzymes that

may also contribute to the altered mobilization of carbo-

hydrate stores.

Sorbitol breakdown may result from an increase in the

activity of sorbitol dehydrogenase (the catabolic en-

zyme), a decrease in the activity of aldose reductase (the

anabolic enzyme), or both. In Eunapius, sorbitol break-

down during the germination of gemmules appears to be

the result of an increase in the activity of sorbitol dehy-

drogenase. The activity of this enzyme increases from

undetectable levels in quiescent gemmules to more than

0.2 jimol/min mgprotein during the fint 30 h of germi-

nation; during the same period, more than 95% of the

sorbitol breakdown occurs. Aldose reductase activity re-

mains unchanged throughout germination. Therefore,

increased catabolic capacity could account for the ob-

served changes in sorbitol levels during germination. The
increase in maximal activity of the catabolic enzyme.

sorbitol dehydrogenase, could be the result of either de

novo synthesis of the enzyme or catalytic activation via

covalent modification during the early stages of germi-

nation; it is still unclear whether one or both of these

processes are responsible.

Similarly, glycogen synthesis could result from an in-

crease in the activity of glycogen synthase (the anabolic

enzyme), a decrease in the activity of glycogen phosphor-

ylase (the catabolic enzyme), or both. In Eunapius, there

is no clear indication whether any of these possibilities

occur. Glycogen synthase activity, whether dependent
on or independent of glucose-6-phosphate, remains un-

changed during germination. Total glycogen phosphory-
lase activity, on the other hand, increases during germi-

nation, but this increase is at least partly nullified by the

conversion of some of the active glycogen phosphorylase

a form to its inactive b form. Similarly, there are no

changes in the concentration of cAMP(this paper), ATP
or AMP(Loomis et al.. 1996) that could promote allo-

steric or covalent changes in vivo in glycogen phosphor-

ylase and glycogen synthase. Indeed, the relatively high

concentrations of cAMPmay keep most of the glycogen

synthase in the glucose-6-phosphate-dependent form.

These data are in contrast with results from Spongilla

lacustris gemmules in which cAMP levels are dramati-

cally reduced during the first 2 h of exposure to 20C
(Simpson and Rodan, 1976). Simpson (1984) has sug-

gested that the reduction is due to the combination of a

decrease in adenylate cyclase activity and an increase in

cAMPphosphodiesterase activity. In Spongilla, the low

levels of cAMPcould result in a decrease in the break-

down of glycogen through the inhibition of glycogen

phosphorylase.

Clearly, other control mechanisms that do not involve

changes in cAMPmust be responsible for the synthesis

of glycogen in gemmules of Eunapius fragilis. It is possi-

ble that changes in the concentration of glucose-6-phos-

phate during germination could increase the rate of gly-

cogen synthesis by allosterically activating the glucose-6-

phosphate-dependent glycogen synthase. Weare exam-

ining this possibility.
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